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Abstract
The relationship between the expression of the SATB2, CDX2, and p53 proteins and common molecular changes in
colorectal cancer (CRC) has rarely been studied. Recent literature suggests that the loss of SATB2 and CDX2 expression is
more frequently observed in cases of colon cancer with DNA mismatch repair (MMR) protein deficiency and BRAF
mutation. We collected 1180 cases of CRC and explored the association between the expression of SATB2, CDX2, and p53
and clinicopathological characteristics and molecular alterations of CRC using whole-slide immunohistochemistry. Our
results showed that negative expression of SATB2 and CDX2 was more common in MMR-protein-deficient CRC than in
MMR-protein-proficient CRC (15.8% vs. 6.0%, P = 0.001; 14.5% vs. 4.0%, P = 0.000, respectively). Negative expression of
SATB2 and CDX2 was more common in BRAF-mutant CRC than in BRAF wild-type CRC (17.2% vs. 6.1%, P = 0.003; 13.8%
vs. 4. 2%; P = 0.004, respectively). There was no relationship between SATB2 and/or CDX2 negative expression and KRAS,
NRAS, and PIK3CA mutations. The expression of p53 was not associated with MMR protein status or BRAF, KRAS, NRAS
and PIK3CA mutations. In addition, the lack of expression of SATB2, CDX2, and p53 was associated with poor
histopathological features of CRC. In conclusion, the lack of SATB2 and CDX2 expression in CRC was associated with
MMR protein deficiency and BRAF mutation, but not with KRAS, NRAS and PIK3CA mutation. The expression of p53 protein
was not related to the common molecular changes of CRC.

1. Introduction
Colorectal cancer (CRC) is a common malignant tumor of the digestive tract worldwide[1], and its occurrence is a complex
process involving multiple genes and factors. At present, it is considered that sporadic CRC is primarily formed through two
pathways. One is chromosomal instability, which is characterized by loss of heterozygosity and DNA aneuploidy, and is
associated with APC, KRAS, and TP53 mutations; the other is the microsatellite instability pathway, which is related to
methylation of the promoter of the DNA mismatch repair gene MLH1, BRAF mutation, and CpG island methylation
phenotype[2–4]. Molecular changes in CRC often potentially affect protein expression[4–8]. The AT-rich sequence-binding
protein 2 (SATB2) and the caudal type homeobox transcription factor 2 (CDX2) are considered as specific immune protein
markers of CRC[9–11]. SATB2 is a transcription factor that regulates chromatin remodeling and transcription. It is highly
expressed in the lower gastrointestinal epithelium (including the appendix, colon, and rectum), specific neurons (cerebral
cortex and hippocampus), osteoblast differentiated tumors, and the ductal epithelium of the testis and epididymis [12–14].
SATB2 exhibits high sensitivity to colorectal tumors, as >93% of the tumors are positive for this protein, although its level of
expression and distribution vary[15]. Thus far, few studies have addressed the relationship between SATB2 protein
expression and CRC-associated molecules. A limited number of studies have shown that SATB2 expression in CRC is
associated with MMR protein deficiency and BRAF mutation[5, 6, 16]. Moreover, loss of SATB2 expression often occurs in
MMR-deficient and BRAF-mutant colon cancer [5, 6]. In colitis-associated colorectal adenocarcinoma, the loss of SATB2
expression is not related to KRAS or BRAF mutation, or MMR protein deficiency[17, 18]. One possible explanation for this
finding is that the formation of colitis-associated colorectal adenocarcinoma and sporadic CRC are based on different
molecular changes[17].

During the process of clinicopathological diagnosis, SATB2 is often used in combination with CDX2 to diagnose the origin
of colorectal adenocarcinoma or metastatic adenocarcinoma[9–11]. CDX2 is a Drosophila tail related homeobox gene that
encodes a transcription factor and plays an important role in intestinal development by inhibiting the proliferation and
promoting the differentiation and expression of intestine-specific genes[19]. Ninety percent of CRC cases show strong
CDX2 nuclear positivity. In a study of 713 cases of CRC, two different clones of an anti-CDX2 antibody were used for
immunohistochemical detection, which each revealed that CDX2 expression was lost in 5.9% and 6.0% of cases,
respectively [8]. Loss of CDX2 expression is closely related to molecular changes in CRC, such as the CpG island
methylation phenotype (CIMP), microsatellite instability, and BRAF mutation[4–8]. Concomitantly, it was also found that
the loss of CDX2 expression is associated with an aggressive tumor behavior and poor clinical outcomes[8]. The p53
tumor suppressor protein, which is encoded by the TP53 gene, is involved in DNA damage repair, cell-cycle regulation,
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apoptosis, and senescence[20]. Thus far, a limited number of articles have reported that the overexpression of p53 is
negatively correlated with microsatellite instability (MSI)[21]; however, its relationship with other molecules is not clear.

Although previous studies have shown that the loss of SATB2 and CDX2 expression is associated with BRAF mutation and
MMR protein deficiency in colon cancer [5, 6, 16], the relationship between SATB2 and the status of other molecules (such
as KRAS, NRAS, and PIK3CA mutation) remains poorly understood. Moreover, most of those studies were based on the
data collected from the Western population, and few reports have examined the Chinese population. In addition, the
relationship between p53 expression and CRC-associated molecules warrants further study. To clarify the relationship
between the expression of the SATB2, CDX2, and p53 proteins and CRC-associated molecules, we collected tissue samples
from 1180 patients with CRC at the Fujian Provincial Hospital, China. Furthermore, to avoid the heterogeneity associated
with tumor cell immune protein expression, we used whole-slide sections to evaluate the relationship between SATB2,
CDX2, and p53 immunohistochemical expression, and MMR protein status, as well as BRAF, KRAS, NRAS, and PIK3CA
mutations. This was the largest study in this field to use whole-slide immunohistochemistry and the simultaneous
evaluation of the relationship between SATB2, CDX2, and p53 protein expression and CRC-associated molecules. In
addition, this study is a supplement to the current lack of research data on the Chinese population.

Lastly, we further confirmed whether the loss of SATB2 and CDX2 expression was associated with MMR protein deficiency
and BRAF mutation, but not with KRAS, NRAS, and PIK3CA mutation. Concomitantly, we found that the expression of the
p53 protein was not associated with the common molecular changes of CRC.

2. Materials And Methods

2.1 Patient selection and case review
The clinicopathological data of 1180 cases of colorectal adenocarcinoma diagnosed at the Department of Pathology of
the Fujian Provincial Hospital from January 2017 to January 2021 were retrospectively collected. The inclusion criteria
were as follows: 1) all patients underwent surgical resection of CRC and were diagnosed with primary colorectal
adenocarcinoma; 2) all cases had relatively complete clinical and pathological data; and 3) all cases were diagnosed by
two gastrointestinal pathologists. The cohort included 752 males and 428 females and encompassed 231 cases of right
colon cancer and 949 cases of left colon and rectum cancer. All tissue samples were fixed in 10% neutral formalin solution
(pH 7.2) for 24 h, dehydrated routinely, embedded in paraffin, sectioned at 4 µm, stained with hematoxylin and eosin, and
observed. The trial was approved by the ethics committee of the hospital, and the patients voluntarily participated in the
trial. All patients signed the informed consent form themselves. The initial operation type, demographic information, and
clinical data were obtained from the electronic case system.

2.2 Histopathological evaluation
A histopathological evaluation was performed for all cases, and the histological characteristics of each case, including
histological grade, pathological stage, lymphatic invasion, venous invasion, and nerve invasion, were then re-evaluated. All
histological features were evaluated via routine hematoxylin and eosin staining. The tumor sites were divided into two
types: right colon (including the ascending colon, hepatic flexure, and transverse colon), and left colon (including the
splenic flexure, descending colon, and sigmoid colon) and rectum. A low grade was defined as gland formation >50%, and
a high grade was defined as gland formation <50% and/or signet ring cell differentiation. Combined with the clinical data,
all cases were classified according to clinical stage.

2.3 Immunohistochemical analysis
Immunohistochemical staining was performed using the EnVision two-step method. Antibodies for CDX2 (EPR2764Y,
Fuzhou Maixin Biotech Co., Ltd, China), SATB2 (EP281, Fuzhou Maixin Biotech Co., Ltd, China), p53 (MX008, Fuzhou
Maixin Biotech Co., Ltd, China), MLH1 (EPR3894, Abcam, UK), PMS2 (EPR3947, Abcam, UK), MSH2 (EPR21017123, Abcam,
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UK), and MSH6 (EPR3945, Abcam, UK) were used in this experiment. On-slide tissue positive and negative controls were
used for all cases. The immunohistochemical expression levels of SATB2 and CDX2 (Figure 1) were scored as reported
previously[22]. For a negative score, two staining patterns were considered: a) complete loss of expression in tumor cells
(score, 0); and b) a few tumor cells showed scattered and fuzzy nuclear expression (score, 1). For a positive score, two
staining patterns were considered: a) strong staining in most tumor cells (score, 2); and b) strong staining in all tumor cells
(score, 3). The expression of the p53 protein was defined as nuclear staining of tumor cells: a proportion of nuclear
staining in tissue sections <10% was considered negative, whereas a proportion >10% was considered positive (Figure 2).
For MLH1, PMS2, MSH2, and MSH6, the expression was defined as nuclear staining of tumor cells, using infiltrating
lymphocytes and surrounding nontumor intestinal mucosa as internal positive controls. Loss of expression of the MLH1,
PMS2, MSH2, and MSH6 proteins was defined as complete absence of nuclear staining within tumor cells, whereas
positive signals were detected in the non-neoplastic area of the intestinal mucosa. The absence of MMR protein expression
was defined as the nuclear expression of all four MMR proteins. Deficient MMR protein expression was defined as the loss
of expression of at least one of the four MMR proteins. Proficient MMR protein expression was defined as preserved
nuclear expression of all four MMR proteins.

2.4 Molecular mutation analysis
BRAF, KRAS, NRAS, and PIK3CA mutation analysis was performed in paraffin-embedded tissue samples. Typical paraffin
blocks were selected and cut into 10 pieces of 10 µm. The cut tissue was placed in a 1.5 ml centrifuge tube. DNA was
extracted from paraffin sections according to the instructions of a nucleic acid extraction or purification kit (Xiamen Eide
Biomedical Technology Co., Ltd., China). The collected DNA samples were stored at −20 ℃. According to the steps shown
in the manual of the human KRAS/NRAS/BRAF/PIK3CA multi gene mutation joint detection kit (Xiamen Eide Biomedical
Technology Co., Ltd., China), samples were prepared and detected via real-time fluorescent quantitative PCR. The
amplification procedure was as follows: first stage: one cycle of 95 ℃ for 5 min; second stage: 15 cycles of 95 ℃ for 25 s,
64 ℃ for 20 s, and 72 ℃ for 20 s; and third stage: 31 cycles of 93 ℃ for 25 s, 60 ℃ for 35 s, and 72 ℃ for 20 s. The
mutation detection sites included KRAS exon 2 (G12D, G12A, G12V, G12S, and G12C), KRAS exon 3 (Q16H), NRAS exon 2
(G12D), NRAS exon 3 (Q61R, Q61K), BRAF exon 15 (V600E), and PIK3CA exon 21 (H1047). Molecular detection in resected
tumors is part of the routine evaluation performed at the Fujian Provincial Hospital, and is carried out at the initial
pathological evaluation.

2.5 Statistical analysis
The Excel software was used to screen, classify, and summarize the data. Statistical analyses were performed using SPSS
for Windows 22 (IBM, Armonk, NY). The χ2 or Fisher’s exact tests were used to characterize the relationship between
categorical variables. The Kruskal–Wallis test was used to characterize the relationship between continuous variables. The
disordered variables were evaluated by two-sided tests, and the ordered variables were evaluated by one-sided tests. P-
values <0.05 were considered statistically significant.

3. Results

3.1 Negative expression of SATB2, CDX2, and p53 was correlated
with poor histopathological features of CRC
Among the 1180 cases of CRC, 78 cases (6.6%) were negative for SATB2 immunohistochemical expression. Compared
with SATB2-positive tumors, SATB2-negative tumors exhibited more adverse histological features (Table 1), including a
high tumor grade (28.2% vs. 15.5%, P = 0.003), neural invasion (47.4% vs. 33.1%, P = 0.010), vascular invasion (51.3% vs.
39.5%, P = 0.040), lymphatic invasion (51.3% vs. 35.1%, P = 0.004), pN2 stage (24.4% vs. 12.7%, P = 0.004), pM1 stage
(15.4% vs. 6.5%, P = 0.004), 003), and later clinical stage (stage III–IV) (52.6% vs. 38.1%, P = 0.011). There was no
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significant difference in age, tumor diameter, gender, tumor location, and pT stage among these two types of tumor (P >
0.05). 
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Table 1
Clinicopathological features of colorectal cancer stratified according to SATB2, CDX2, and p53 immunohistochemical

expression
Clinical
and

Pathologic

Features

SATB2 P CDX2 P p53 P

Negative Positive Negative Positive Negative Positive

age (year) 63.5(55.0-
72.0)

64(56.0-
71.0)

0.757 63(55.0-
71.0)

64(56.0-
71.0)

0.446 63(56.0-
71.0)

64(56.0-
71.0)

0.269

tumor
diameter
(cm)

4.1(3.5-
6.2)

4.0(3.5-
5.5)

0.791 3.5(3.0-
6.0)

4.1(3.5-
5.5)

0.336 4.2(3.5-
5.6)

4.0(3.5-
5.5)

0.063

Gender     0.366     0.988     0.641

male 46(59.0) 706(64.1)   35(63.6) 717(63.7)   208(64.8) 544(63.3)  

female 32(41.0) 396(35.9)   20(36.4) 408(36.3)   113(35.2) 315(36.7)  

Tumor
location

    0.708     0.539     0.848

Left colon
and
Rectum

64(82.1) 885(80.3)   46(83.6) 903(80.3)   257(80.1) 692(80.6)  

Right
colon

14(17.9) 217(19.7)   9(16.4) 222(19.7)   64 (19.9) 167(19.4)  

Perineural
invasion

    0.010     0.214     0.615

Yes 37(47.4) 365(33.1)   23(41.8) 379(33.7)   113(35.2) 289(33.6)  

No 41(52.6) 737(66.9)   32(58.2) 746(66.3)   208(64.8) 570(66.4)  

Venous
invasion

    0.040     0.013     0.366

Yes 40(51.3) 435(39.5)   31(56.4) 444(39.5)   136(42.4) 339(39.5)  

No 38(48.7) 667(60.5)   24(43.6) 681(60.5)   185(57.6) 520(60.5)  

Lymphatic
invasion

    0.004     0.009     0.802

Yes 40(51.3) 387(35.1)   29(52.7) 398(35.4)   118(36.8) 309(36.0)  

No 38(48.7) 715(64.9)   26(47.3) 727(64.6)   203(63.2) 550(64.0)  

pT     0.143     0.403     0.999

T1 7(9.0) 60(5.4)   4(7.3) 63(5.6)   18(5.6) 49(5.7)  

T2 15(19.2) 228(20.7)   7(12.7) 236(21.0)   67(20.9) 176(20.5)  

T3 38(48.7) 640(58.1)   33(60.0) 645(57.3)   184(57.3) 494(57.5)  

T4 18(23.1) 174(15.8)   11(20.0) 181(16.1)   52(16.2) 140(16.3)  

pN     0.004     0.295     0.363

N0-1 59(75.6) 962(87.3)   45(81.8) 976(86.8)   273(85.0) 748(87.1)  
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Clinical
and

Pathologic

Features

SATB2 P CDX2 P p53 P

Negative Positive Negative Positive Negative Positive

N2 19(24.4) 140(12.7)   10(18.2) 149(13.2)   48(15.0) 111(12.9)  

pM     0.003     0.004     0.829

M0 66(84.6) 1030(93.5)   45(81.8) 1051(93.4)   299(93.1) 797(92.8)  

M1 12(15.4) 72(6.5)   10(18.2) 74(6.6)   22(6.9) 62(7.2)  

Clinical
stages

    0.011     0.016     0.728

I- II 37(47.4) 682(61.9)   25(45.5) 694(61.7)   193(60.1) 526(61.2)  

III- IV 41(52.6) 420(38.1)   30(54.5) 431(38.3)   128(39.9) 333(38.8)  

Tumor
grade

    0.003     0.025     0.001

High
tumor
grade

22(28.2) 171(15.5)   15(27.3) 178(15.8)   71(22.1) 122(14.2)  

Low tumor
grade

56(71.8) 931(84.5)   40(72.7) 947(84.2)   250(77.9) 737(85.8)  

Among the 1180 cases of CRC, 55 cases (4.7%) were negative for CDX2 immunohistochemical expression. Similar to that
observed for SATB2, CDX2-negative expression was associated with poor histological features (Table 1). Compared with
CDX2-positive tumors, CDX2-negative tumors exhibited a high tumor grade (27.3% vs. 15.8%, P = 0.025), vascular invasion
(56.4% vs. 39.5%, P = 0.013), lymphatic invasion (52.7% vs. 35.4%, P = 0.009), pM1 stage (18.2% vs. 6.6%, P = 0.004), and
later clinical stage (III–IV) (54.5% vs. 38.3%, P = 0.016) more often. There was no significant difference in age, tumor
diameter, gender, nerve invasion, tumor location, pT stage, and pN stage between these two types of tumor (P > 0.05).

Among the 1180 cases of CRC, 321 cases (27.2%) were negative for p53 immunohistochemical expression. Compared with
p53-positive tumors, p53-negative tumors showed a higher tumor grade (22.1% vs. 14.2%, P = 0.001). There was no
significant difference in age, tumor diameter, gender, tumor location, nerve invasion, vascular invasion, lymphatic invasion,
pT, pM, pN stage, and clinical stage among these two types of tumor (P > 0.05).

3.2 The SATB2 and CDX2 expression pattern was associated with
MMR protein deficiency and the BRAF V600E mutation
SATB2 and CDX2 immunohistochemical expression was significantly affected in MMR-protein-deficient and BRAF-mutant
CRC (Table 2). Negative SATB2 and CDX2 expression was observed significantly more often in MMR-protein-deficient CRC
compared with MMR-protein-proficient CRC (15.8% vs. 6.0%, P = 0.001; 14.5% vs. 4.0%, P < 0.001, respectively) (Figure 3).
Negative SATB2 and CDX2 expression was observed significantly more often in BRAF V600E mutated tumors compared
with BRAF wild-type tumors (17.2% vs. 6.1%, P =0.003; 13.8% vs. 4.2%, P = 0.004, respectively) (Figure 3).
Immunohistochemical expression of SATB2 and CDX2 was not altered in KRAS, NRAS, and PIK3CA mutated CRC. 
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Table 2
SATB2, CDX2, and p53 expression in colorectal cancer stratified according to mismatch repair protein

immunohistochemistry and BRAF, KRAS, NRAS, and PIK3CA mutation
Molecular
feature

SATB2 P CDX2 P p53 P

Negative Positive Negative Positive Negative Positive

Mismatch
repair
protein

    0.001     0.000     0.327

Deficient 12(15.8) 64(84.2)   11(14.5) 65(85.5)   17(22.4) 59(77.6)  

Proficient 66(6.0) 1038(94.0)   44(4.0) 1060(96.0)   304(27.5) 800(72.5)  

BRAF
V600E mut

    0.003     0.004     0.946

Present 10(17.2) 48(82.8)   8(13.8) 50(86.2)   16(27.6) 42(72.4)  

Absent 68(6.1) 1054(93.9)   47(4.2) 1075(95.8)   305(27.2) 817(72.8)  

KRAS mut     0.290     0.542     0.083

Present 21(8.0) 240(92.0)   14(5.4) 247(94.6)   60(23.0) 201(77.0)  

Absent 57(6.2) 862(93.8)   41(4.5) 878(95.5)   261(28.4) 658(71.6)  

NRAS mut     0.684           0.620

Present 8(7.5) 98(92.5)   3(2.8) 103(97.2) 0.471 31(29.2) 75(70.8)  

Absent 70(6.5) 1004(93.5)   52(4.8) 1022(95.2)   290(27.0) 784(73.0)  

PIK3CA mut     0.575     0.792     0.867

Present 7(8.0) 80(82.0)   3(3.4) 84(96.6)   23(26.4) 64(73.6)  

Absent 71(6.5) 1022(93.5)   52(4.8) 1041(95.2)   298(27.3) 795(72.7)  

3.3 Effects of MMR protein status and BRAF mutation on the
combined expression profile of SATB2 and CDX2 in CRC
SATB2 and CDX2 combined immunohistochemical expression profiles were also affected by MMR protein and BRAF
mutation status (Table 3). In fact, 27.6% of SATB2-negative and/or CDX2-negative tumors (including 13.2%
SATB2–/CDX2+, 11.8% SATB2+/CDX2–, and 2.6% SATB2–/CDX2–) were found among MMR-protein-deficient CRC
samples. Only 9.2% of the tumors that were proficient for MMR proteins were SATB2-negative and/or CDX2-negative
tumors (P < 0.001). Moreover, 25.9% of BRAF V600E mutated CRC cases were found to be SATB2-negative and/or CDX2-
negative tumors, (including 12.1% SATB2–/CDX2+, 8.6% SATB2+/CDX2–, and 5.2% SATB2–/CDX2–). Only 9.5% of BRAF
wild-type tumors were SATB2-negative and/or CDX2-negative tumors (P < 0.001).
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Table 3
Combined SATB2 and CDX2 immunohistochemistry expression profiles in colorectal cancer

stratified according to mismatch repair protein and BRAF, KRAS, NRAS, and PIK3CA mutation
Molecular feature SATB2(-)/ CDX2(-) SATB2(-)/

CDX2(+)

SATB2(+)/

CDX2(-)

SATB2(+)/

CDX2(+)

P值

Mismatch repair protein         0.000

Deficient 2(2.6) 10(13.2) 9(11.8) 55(72.4)  

Proficient 9(0.8) 57(5.2) 35(3.2) 1002(90.8)  

BRAF V600E mut         0.000

Present 3(5.2) 7(12.1) 5(8.6) 43(74.1)  

Absent 8(0.7) 60(5.3) 39(3.5) 1015(90.5)  

KRAS mut         0.443

Present 2(0.8) 19(7.3) 12(4.6) 228(87.4)  

Absent 9(1.0) 48(5.2) 32(3.5) 830(90.3)  

NRAS mut         0.672

Present 0(0.0) 8(7.5) 3(2.8) 95(89.6)  

Absent 11(1.0) 59(5.5) 41(3.9) 963(89.7)  

PIK3CA mut         0.681

Present 0(0.0) 7(8.0) 3(3.4) 77(88.5)  

Absent 11(1.0) 60(5.5) 41(3.8) 981(89.8)  

3.4 The expression pattern of the p53 protein was independent of the
common molecular changes of CRC
The expression of the p53 protein was not associated with MMR protein deletion or BRAF, KRAS, NRAS, and PIK3CA
mutations in cases of CRC.

4. Discussion
In this study, whole-slide immunohistochemistry was used to evaluate the association between SATB2, CDX2, and p53
immunohistochemical expression in cases of CRC and MMR protein deficiency, as well as BRAF, KRAS, NRAS, and PIK3CA
mutations. Our results showed that the immunohistochemical expression of SATB2 and CDX2 was affected by molecular
changes in CRC, and that negative SATB2 and CDX2 expression was more common in MMR-protein-deficient CRC and
BRAF-mutant CRC, but not in KRAS-, NRAS-, and PIK3CA-mutant CRC. The immunohistochemical expression of p53 was
not associated with molecular changes in CRC. In addition, we observed that negative expression of SATB2, CDX2, and p53
was associated with poor histopathological features of CRC.

Thus far, few studies have addressed the relationship between SATB2 protein expression and molecules commonly
associated with CRC. Ma et al.[5] analyzed 499 cases of colon cancer and observed negative SATB2 and/or CDX2
expression in 33% of MMR-protein-deficient tumors and 36% of BRAF V600E-mutant tumors. This result is similar to that
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obtained in our study (Table 2). In addition, those authors found that the negative expression of SATB2 was associated
with a low disease-specific survival rate among MMR-protein-deficient cases of colon cancer[5]. In their study, the negative
expression rate of SATB2 (67/499, 13%) was higher than that detected in our study (78/1180, 6.6%). Eberhardt et al.[23]
analyzed 527 cases of colon cancer and also observed that SATB2 expression was often absent in MMR-protein-deficient
tumors; moreover, negative expression of SATB2 can be used as an independent predictor of a decreased disease-specific
survival rate among patients with colon cancer. In their study, the negative expression rate of SATB2 was 28.8% (152/527),
which was much higher than that detected here. We propose the following explanations for this discrepancy: first,
compared with Ma et al. (499 cases) and Eberhardt et al. (527 cases), our study included a larger sample (1180 cases)
because it included cases of rectal cancer. Second, different antibody clones were used in each study, which may explain
the differences in SATB2 expression detected in the samples of CRC. In addition, the definition of negative expression of
SATB2 was slightly different. Further, we used the whole-slide immunohistochemistry method, rather than the tissue
microarray method, to analyze the expression of SATB2. Cigerova et al. [16] observed that the SATB2 protein was absent
only in 7.2% of CRC cases. This is similar to our results. In addition, our study found that negative SATB2 expression was
not associated with KRAS, NRAS, and PIK3CA mutation status. This is rarely mentioned in the remaining pertinent
literature. Our study did not evaluate the survival and prognosis of patients with CRC because of an insufficient follow-up
time. This also requires the inclusion of a long-term follow-up of the patients in future work to improve the quality of the
data, and thus further determine the impact of negative SATB2 expression on the prognosis of patients with CRC. It was
recently reported that expression of SATB2 is also frequently absent in colitis-associated colorectal adenocarcinoma;
however, the loss of SATB2 is not related to BRAF mutation and MMR protein deficiency[17, 18]. One possible explanation
for this finding is that the formation of colitis-associated colorectal adenocarcinoma may be triggered by a continuous
inflammatory environment, which induces epithelial DNA mutation[17] and is different from the mechanism underlying
sporadic CRC. In addition, we observed that SATB2 negative expression was associated with poor histopathological
features in patients with CRC, including a high tumor grade, neural invasion, vascular invasion, lymphatic invasion, and
later pathological and clinical stage. These results are consistent with the literature[5, 6, 23, 24].

Previous studies have shown that the loss of CDX2 expression is closely related to the molecular changes of colorectal
cancer[4–8, 25, 26]. Lugli et al.[4] observed that CDX2 was more likely to be lost in MMR-protein-deficient colorectal cancer
than in MMR-protein-proficient CRC. Subsequently, Ma et al. [6] further confirmed that CDX2 expression is often absent in
MMR-protein-deficient and BRAF-mutant colon cancer. Most of those studies did not mention the relationship between
CDX2 and KRAS, NRAS, and PIK3CA mutation. We observed that the expression of CDX2 was not affected by the mutation
status of KRAS, NRAS, and PIK3CA in patients with CRC. In a study of 713 cases of CRC, Bae et al.[8] used two different
clones of an anti-CDX2 antibody (CDX2-88 and EPR2764Y) and found that the CDX2 negative expression rates were 5.9%
(CDX-88) and 6.0% (EPR2764Y). This was similar to our study (55/1180, 4.7%). Olsen et al.[25] conducted a qualitative
systematic review of 52 studies of CDX2 expression in CRC. They observed that the loss of CDX2 expression was related to
tumor grade, tumor stage, right tumor location, MMR deficiency, high CIMP, and BRAF mutation. Similar results were
observed in our study.

Although SATB2 and CDX2 are often negatively expressed in CRC cases with MMR protein deficiency and BRAF mutation,
their expression is different. Concurrent negative SATB2 and CDX2 expression (SATB2−/CDX2−) was only rarely observed
as it was identified in 2.6% of MMR-protein-deficient and 5.2% of BRAF V600E-mutant CRC samples. Therefore, the losses
of SATB2 and/or CDX2 expression are independent from each other in most cases of CRC with MMR protein deficiency
and BRAF mutation. This is similar to that reported by Ma et al.[5, 6]. Therefore, when the morphology of CRC is not typical,
the combination of SATB2 and CDX2 can help establish a correct diagnosis and avoid misdiagnosis, especially in MMR-
protein-deficient and BRAF-mutant tumors. The reason for the loss of SATB2 and CDX2 expression in MMR-protein-
deficient and BRAF-mutant CRC remains unclear. Some studies have suggested that epigenetic silencing caused by a high
level of CpG island promoter methylation may be a mechanism of CDX2 expression reduction[7, 27, 28]. In addition, CDX2
plays an important role in the regulation of the polarity of epithelial cells, and the loss of CDX2 may be related to the
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interruption of epithelial tight junction and epithelial mesenchymal transition (EMT) [27, 29]. There are also studies that
suggest that reduced CDX2 expression is caused by a passenger mutation in the simple repeat sequence of the CDX2
gene[30]. It is not clear whether the reduced SATB2 expression occurs via the same mechanism as CDX2. Ma et al.[6]
proposed that alternative mechanisms lead to the loss of SATB2 expression, as only 14% of MMR-protein-deficient tumors
exhibited concurrent loss of CDX2 and SATB2 expression. Our results also support this view.

The results of our study show that the negative expression of the p53 protein is not associated with MMR protein
deficiency or BRAF, KRAS, NRAS, and PIK3CA mutations in patients with CRC. In the study reported by Elsaleh et al.[21],
overexpression of the p53 protein in CRC was negatively correlated with microsatellite instability (MSI). In our study, we did
not find that the expression of p53 protein was related to the DAN MMR protein. Cao et al.[20] observed that the loss of p53
expression was related to invasive clinicopathological features among patients with colon cancer, including age
distribution, tumor course, tumor location, tumor diameter, tumor invasion depth, Dukes stage, distant metastasis, and
lymph node metastasis. We observed that the loss of p53 expression was only related to tumor grade.

This study has some limitations, e.g., the inclusion and screening of cases using a retrospective design and the
heterogeneity of protein expression in tissue sections. However, the advantage of this study is that partial heterogeneity
was solved using whole-slide immunohistochemistry, which also conferred considerable reliability to the negative
expression of SATB2, CDX2, and P53. In addition, our study is one of the largest studies thus far that investigated the
negative expression of SATB2, CDX2, and p53 and molecular changes in CRC using whole-slide immunohistochemistry.
Our study is a representative of CRC resected at a large academic medical center in Fujian Province, China; therefore it has
an inherent referral bias.

In conclusion, our results suggest that negative SATB2 and CDX2 expression is associated with MMR protein deficiency
and BRAF mutation, but not with KRAS, NRAS, and PIK3CA mutation, in patients with CRC. In addition, negative p53
expression is not associated with the common molecular changes of CRC.
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Figures

Figure 1
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SATB2 and CDX2 immunohistochemical semiquantitative scoring system

Figure 2

Immunohistochemical expression of p53 (A: negative; B positive)

Figure 3

A. The proportion of SATB2- and CDX2-negative cases in BRAF-mutant colorectal cancer (CRC) (17.2% and 13.8%,
respectively) was higher than that detected in wild-type BRAF CRC (6.1% and 4.2%, respectively). B. The proportion of
SATB2- and CDX2-negative cases in mismatch repair (MMR)-protein-deficient CRC (15.8% and 14.5%, respectively) was
higher than that detected in MMR-protein-proficient CRC (6.0% and 4.0%, respectively).


